Abstract-In this paper, we present an envelope function analysis technique for the design of the emission spectra of a white quantum-well light-emitting diode (QWLED). The nanometric heterostructure that we are dealing with is a multiple QW, consisting of periods of three single QWs with various well thicknesses. With the aid of 6 6 Luttinger Hamiltonian, we employ the combination of two methods, k p perturbation and the transfer matrix method, to acquire the electron and hole wave functions numerically. The envelope function approximation was considered to obtain these wave functions for a special basis set. While adjacent valence sub-bands have been determined approximately, the conduction bands are approximated as parabolic. The effect of Stokes shift has also been taken into account. The dipole moment matrix elements for interband atomic transitions are evaluated via the correlation between the electron and hole envelope functions, for both orthogonal polarizations, thus simplifying the calculation of the photoluminescence intensity. Spatial variations in the hole/electron wave functions have been examined with the introduction of piezoelectric and spontaneous polarization internal fields. We theoretically establish the possibility of a highly efficient InGaN red emitter, resulting in a uniform luminescence in red, green, and blue emissions from a white light emitting diode by adjusting the material composition, internal field, and well thickness.
I. INTRODUCTION
R ECENTLY, wurtzite strained quantum wells (QWs) have been studied intensively in diode laser and red, green, and blue (RGB) light-emitting diode (LED) structures. In this regard, group III nitride-based QWs have contributed extensively in multicolor LEDs. Notably, white LEDs have attracted great attention in the field of solid state lighting. To realize white quantum-well LEDs (QWLEDs), one of the two methods is generally used. The first method involves a converting layer which conventionally contains phosphorous, to obtain a redshift from short wavelengths [1] - [3] . This method has several disadvantages, like low efficiency, complex packaging, and short lifetimes due to degeneration of the phosphor material. Also, Stokes shift energy loss is inevitable in these kinds of white LEDs [4] . The second scheme is based on exploiting several QWs, each emitting in a different wavelength, and combining the output photoluminescence spectra. Until now, white-light LEDs that simultaneously emit two or three colors, including InGaN-GaN QWs, have been reported [5] - [9] . All of the reported structures, however, suffer from low internal quantum efficiency and low intensity emission of the red wavelength, which is principally due to the lack of an efficient red emitter. As a result, with a lower spectral peak for the red QW, the photoluminescence spectrum is reduced for long wavelengths, leading to a nonuniform spectrum of white light output. Moreover, the efficiency of typical red InGaN-GaN LEDs 640 nm are nearly low. Most attempts have therefore utilized yellow emitters to obtain long wavelengths [10] , [11] . This is possibly due to the required composition of the well/barrier (W/B): In order to narrow the bandgap for red emission, a high Indium contribution within the InGaN is inevitable, which yields strong internal fields and Stark effects that may not provide the appropriate overlap between electron/hole distributions within the emitters.
Here, we intend to provide a theoretical study of GaN-based LEDs to understand the effect of physical parameters on the optical intensity spectrum. For this purpose, the QW heterostructure is basically analyzed by its band structure and wave functions. The first point in this case is that the group III nitrides have a wurtzite crystal structure. The near band edge Hamiltonian of these structures has been extracted dependent upon the symmetry properties of the crystal [12] , while the band curve parameters have been obtained empirically. The theoretical parameters in this case, however, have shown some inconsistency with experimental data. Alternatively, one can rely on the method to derive the Hamiltonian matrix for GaN, InN, AlN, and their alloys [13] . Although is able to give bulk band structures, the analysis of multilayer hetero-structures must be supplemented by other methods to fully describe the system behavior. In the literature two main approaches are introduced: finite difference [14] and transfer matrix [15] methods. The former is suitable for multi-dimensional systems such as quantum dots. Here, we utilized the latter because of the structural simplicity.
The main goal of theoretically studying the emission region in a QWLED is interpretation of the interband atomic transitions. With the aid of the Hamiltonian given by Chaung et al. [14] , we were able to find both the band structure and electron/hole wave functions within the QW. Having the eigenstates known, calculation of dipole moment matrix elements for interband transitions becomes straightforward. In the next step, we 0018-9197/$26.00 © 2009 IEEE calculated the optical intensity and studied the structural parameters. An important phenomenon in wurtzite QWs is strain. By neglecting the internal field, the strain itself can cause major changes in the band structure and hence intensity spectrum. Taking the strain-dependent piezoelectric polarization field into account, this effect becomes even more dominant. Therefore, adjusting the well/barrier alloy composition has a significant impact on the output spectra. We have shown that it is possible to construct three QWs with an output spectrum containing equal spectral peaks belonging to the three basic red, green, and blue wavelengths. Chromaticity coordinates are constructed and it is shown that a true white emission is expected.
II. COMBINED AND TRANSFER MATRIX METHOD
In contrast to bulk materials, in low dimensional structure (i.e., QWs, wires, and dots), the potential experienced by electrons is no longer periodic in all directions and hence the exact eigenstates corresponding to such structures may not be readily obtained. Here, we employ an envelope function approximation (EFA) in order to simplify the problem. In this method, the bulk band structure is considered as a macroscopic potential modulated by microscopic atomic potentials. The validity of such an approximation depends on the nature of bands. According to the variational method, EFA is justified where the band under consideration is not degenerate and the energy distance between neighboring bands is not too small. In the case of the conduction band (CB) corresponding to zinc blend, diamond, or wurtzite structure semiconductors, employing a single band EFA is sufficient for obtaining eigenstates. That is why it is non-degenerate (excluding the spin effect), and its energy is far from that of the other bands.
Here, the atomic S-like orbital can be considered as the Bloch part of the total wave function. In contrast, the valence band in such structures is two-fold degenerate at the point due to the heavy hole (HH) and light hole (LH) bands. Furthermore, the spin-orbit split-off (SO) band is not far away. In this case, the effect of these neighboring bands on hole eigenstates is not negligible and should be taken into account. Although one can include the effects of other neighboring bands, such as CB bands, the results do not change significantly. As a result, the Bloch part of the total wave function cannot be easily found. Instead, the total wave function must be composed of a combination of several envelope and Bloch functions. In order to model the governing Hamiltonian corresponding to the holes, we employ the Luttinger approach, which results in several envelope functions corresponding to particular Bloch waves. In this approach, the total wave function of the state can be written as
where, and stand for th envelope function and its corresponding Bloch part, respectively. The upper bound for is determined by the number of bands taken into consideration. By considering three bands, i.e., HH, LH and SO, the Luttinger Hamiltonian matrix representation in the basis set consists of orbitals, i.e., , ,
in a 6 6 matrix [16] . It is a common practice to block-diagonalize it by performing a unitary transformation over the basis set. It should be kept in mind that upon transforming the original basis set, the envelope functions no longer remain symmetric, which causes the elements of the resultant basis set to be non-symmetric. After employing such a unitary transformation, the resultant matrix can be written as [14] (2)
where the upper and lower blocks are defined by (3) in which stands for the potential profile that could have a contribution from the band offset, spontaneous polarization field, piezoelectric field, or external electric field. The rest of parameters are defined as [14] (4a) (4b)
is the magnitude of in-plane wavevector, and stands for the operator. Also, , , and are the strain components due to lattice mismatch. Here, we assume that the semiconductor is grown in the (0001) orientation; consequently, other the strain components, i.e., , , and vanish. and denote the in-and out-of-plane Luttinger parameters, respectively. These parameters vary across the barrier-well interfaces and can be determined experimentally. Also, ,
, and denote the deformation potential, split-off energy, and crystal field splitting energy, respectively. By employing the quasi-cubic approximation, which is justified in wurtzite structures, one can simply assume that [17] (5a) (5b) (5c) where and are the hydrostatic and shear deformation potentials. Notice that the above-mentioned unitary transformation depends on the in-plane wave vector. The exact transformation can be found elsewhere [18] , [19] .
In general, the eigenvalue problem corresponding to the above Hamiltonian can be solved through the geometry-independent finite difference method (FDM). However, QW structures can be treated more easily owing to their simple layered structure. In this work, the transfer matrix method (TMM) is employed. Note that the upper and lower blocks in (2) are related through the operator . Therefore, the eigenvectors of can be found upon determining those of through a complex conjugate transformation. Henceforth, we will focus on upper block eigenvalue problem, i.e.,
. It is straightforward to decompose into three terms with respect to [16] :
If we assume a constant potential profile in each layer, then all coefficients will be constant matrices. However, in practical cases where the potential profile is not constant, one can simply use a staircase approximation and choose the stair width small enough that the corresponding error becomes negligible. The eigenvalue problem results in three coupled second order differential equations in terms of . It is possible to reduce the differential equation order by introducing at the cost of increasing the number of coupled equations to six. If so, the governing equation for are [20] (7a)
Note that is not diagonal and hence (7a) cannot be solved directly. It can be decomposed as (8) Here, is a diagonal matrix composed of the eigenvalues of , and is a square matrix composed of the eigenvectors related to . Notice that this decomposition is not unique. We may choose so that its upper and lower halves contain elements with positive and negative real parts, i.e., forward and backward propagating waves, respectively. By introducing another change of variables, as , (7a) recasts into with the solution (9) It is evident that the current continuity of envelope wave functions across an interface should be imposed on , rather than . Assuming that Bloch phases across interfaces remain unchanged, it is straightforward to write (10) where the boundary condition matrix is [20] (11)
The total transfer matrix can be constructed by multiplying all of the transfer matrices correspond to each layer and applying the appropriate boundary conditions across each interface. This would result in (12) where , , , and are the eigenvectors matrix, boundary condition matrix, eigenvalues matrix, and length of th layer, respectively. Also, is the number of layers. As it can be traced, the total transfer matrix will depend on the system energy . In order to determine the permitted energies, wave function normalization should be considered. If and denote forward and backward wave vectors in the th layer, respectively, the following relation should hold for bound states when is set to zero [18] (13a) (13b)
Equation (13b) shows that a particular is the system eigenenergy, or equivalently that the system has a non-trivial bound state if and only if has an eigenvalue equal to zero for that specific . In addition, the corresponding eigenvector should be scaled so that the resulting wave function remains normalized. In order to find an acceptable , the system energy can be swept while the determinant of is monitored. The only problem with the above approach is the appearance of spurious states [20] . This is likely caused due to the fact that such procedure is perturbative, wherein an incomplete basis set is used. These spurious states reveal themselves in rather large eigenvalues of for some layers and hence may result in instability. This problem can be treated by eliminating such eigenvalues in the matrix or clamping them appropriately [15] . In subsequent sections, we will use this procedure to determine our QW envelope functions.
III. WAVE FUNCTIONS AND OPTICAL INTENSITY
Now, we may proceed to calculate the dipole moments related to interband transitions between the conduction and valence bands. After obtaining six envelope functions via -TMM, we can readily define the hole wave function of th valence band as [21] (14a)
where the were explained in the previous section. For either or , the aforementioned wave-functions must be normalized; therefore, we have the represented a normalization coefficient as . On the other hand, near the bottom of conduction bands, we can consider S-like symmetry for the eigenstates. In contrast with , wave function independency of the in-plane wave vector is acceptable and the parabolic approximation for the band structure is justified. Hence, we get
in which, is the in-plane component of the electron effective mass, denotes the wave function of electrons in th conduction band, stands for the electron envelope function, and is its spin direction along the axis.
To analyze the optical intensity spectrum when only interband transitions are taken into account, the dipole moments should be derived. For this purpose, if we consider as the transition matrix element of the dipole element from the state with the wave function of to the state with the wave function of , then the optical intensity for the two polarizations is defined as (where , 1 stands for TE, TM polarizations, respectively) (16) Here, is the well refractive index, and are the free electron charge and mass, respectively, is the length of the well region, and denotes the polarization vector of the electric field. Furthermore, is strongly dependent on the Fermi distributions in both the valence and conduction bands and also on the position of the quasi-Fermi levels [21] ( 17) where, and are the electron and hole Fermi distribution functions, respectively. We can adjust the interband relaxation time to tune the half linewidth of the Lorentzian function , which is commonly on the order of ps for zinc-blend or wurtzite crystals [22] . In order to determine the carrier density in respect of QW band structure, one can alter the quasi-Fermi levels. This automatically affects the Fermi distributions and hence the amplitude of . For a definite quasi-Fermi level in the conduction band, , the electron concentration can be determined by [23] (18)
Similarly, the hole concentration is obtained from (19) Note that according to (16) and (17), although several eigenstates for both the conduction and valence bands were taken into account, the behavior of the optical intensity spectrum is chiefly affected by sub-bands close to the bottom of conduction band and the top of valence band. This is largely due to the quasi-Fermi levels and the impact of the Fermi distributions on the intensity.
To distinguish the term in (16), we follow the approach introduced in [21] . In this reference, it is shown that after some simplifications, an efficient expression that can be applied in (16) and . In addition to the correlation terms above, we need to evaluate and by utilizing Kane's model for wurtzite crystals and considering a hexagonal symmetry [21] , thereby allowing these parameters to be defined by the well energy gap and split-off energy. Finally, (16) is simplified as (21) Then the material gain becomes (22) Note that the above multi-band calculations seem unavoidable if one is dealing with position dependent potentials, e.g., QWs or dots. In bulk material, the pure state corresponding to a definite single band may exist, however, in structures such as QWs, an eigenstate is a mixture of pure states and all bulk bands contribute to its wave function. The multi-band analysis aids us in identifying the transitions and wave functions involved in the photoluminescence intensity of polarized light; this is a result of the accurate description of the dipole moment matrix elements in the atomic transitions.
IV. INTERNAL FIELD AND INTENSITY SPECTRUM TUNNING
When dealing with the Hamiltonian (3), we need to study the biaxial strain in more detail than the other physical parameters. Biaxial strain is tunable through the well/barrier mismatch. However, it does not appear for all thickness ratios of the well and barrier. It can be shown that for some critical Indium fractions in pseudomorphic In Ga N QWs, and for some proportions of W/B thicknesses, strain relaxation occurs in the form of pinholes [24] . In the following, we will demonstrate the solution to avoid the possibility of relaxation.
Generally, from the band structure viewpoint, when the in-plane strain is negative, the energy gap becomes smaller, and vice versa. In addition, the biaxial strain has a serious impact on the piezoelectric polarization in wurtzite QWs (23) Here, is a part of the piezoelectric tensor that varies with linearly [24] . This polarization along with the spontaneous polarization causes a slanted profile for either the well or barrier potential. A slanted potential influences the intensity spectrum in two major ways. First is the relocation of adjacent sub-bands and hence a change in the peak of the spectrum in a fixed range of wavelengths. The second effect is the drift of electron and hole envelope functions along the perpendicular -axis, which affects the correlation terms in , thereby modifying peak amplitude by varying the overlaps of the electron/hole distributions. Nevertheless, the spontaneous polarization is free of strain, so its internal field can be intensified or canceled out with that of the piezoelectric polarization in order to produce an appropriate spectrum redshift or blueshift.
In addition to the biaxial strain, one can rely on the well length to determine sub-band distances. For a fixed value of the well/barrier length and in the absence of internal field, enlarging the thickness of the well leads to nearing the valence sub-bands, especially at [14] . Then, for a definite carrier concentration, more valence sub-bands contribute to the optical intensity spectrum. However, when the quantum confined Stark effect (QCSE) is considered, the well depth is principally influential: for a definite internal field , the larger the well depth , the narrower the energy gap. This brings about a redshift in the spectrum and a reduction in the electron/hole wave function overlap.
To analyze the envelope functions in the presence of an internal field, one needs to insert a position varying potential in the Hamiltonian (3). Due to the fact that it is difficult to find eigenvalues in this case, we approximated the potential with a series of step-like profiles. Then, the entire system was modeled with numerous constant potentials, and using the TMM we could readily obtain the envelope functions. The Linear Algebra Package (LAPACK) routines were utilized to calculate the transfer matrices and search for zero determinants.
V. EXCITON LOCALIZATION AND STOKES' SHIFT
Currently, the growth of high-quality In Ga N films has been made possible with the aid of molecular beam epitaxy, even with films comprising a high Indium index [25] . While studying these alloy samples with such a high Indium content, a relatively serious difference is observed between the emission and absorption spectral peaks, referred to as the Stokes' shift. As the low miscibility of InN in GaN yields great composition fluctuations of Indium or phase segregation within InGaN layers [26] , some articles attribute the photoluminescence emission to the localized excitons in In-rich quantum dots which ordinarily cause lower band gaps [27] . In this model, electrons and holes excited by photons accumulate in clusters and increase the overlap of the electron/hole distributions, leading to an enhancement in the optical intensity. A relevant simulation by C. S. Xia, et al. reveals that taking this model into account has no significant role in the alteration of the spectral profile, but rather it contributes to the position of the spectral peaks [28] . Therefore, we considered the excitonic localization effect as a Stokes-like shift in the spectra of the emitters. It has been shown experimentally that the redshift increases linearly with the Indium contribution within In Ga N for [29] . In practice, this bandgap narrowing caused by composition inhomogeneity inside the InGaN layers aids in achieving red emitters with lower indexes of Indium, assuming that we choose InGaN as the well material.
VI. PROPOSED VERTICAL STRUCTURE
At present, there have been several geometries suggested for growing on-chip multi-emitters to produce a relatively monolithic white light. Although there is a new trend toward novel structures such as trapezoidal InGaN-GaN MQWs [30] , the main focus here is for the simple laterally [5] or vertically [31] distributed MQWs. By constructing the junction in the transverse direction, the lateral injection current causes a nearly uniform carrier concentration for all emitters. The non-uniform carrier density, which may be attributed to an accumulation of injected carriers in the QWs near the -GaN, is a common problem in some devices [7] and is almost suppressed in the vertical configuration [31] . In Fig. 1 we have depicted the schematics of the proposed vertically grown MQW, composed of three emitters within each period, between -GaN and -GaN layers. The well and barrier compositions are specified to be In Ga N and Al In Ga N. In the next section, we will explain why we have chosen these well/barrier compositions.
, and denote the well thickness of the green, red and blue emitters, respectively. is the barrier length and is the separation between adjacent QWs. can be exactly determined and may be the lower bound for : in MQW design, as the electron/hole envelope functions decay within a few nanometers inside barriers, must be determined so that the wave functions from adjacent single QWs have no significant overlap.
VII. QW DESIGN FOR EMITTING NEAR WHITE LIGHT
To design an on-chip white LED, we are firstly concerned with the composition of the well and barriers. As a consequence that the photoluminescence spectrum includes all of the wavelengths in the RGB range, the difference between the well energy gap in the red QW and that of the blue QW must be at least 0.8-0.9 eV; this is the minimal difference between the blue and red spectrum's peaks. In addition, the well material must be chosen to be able to reach energy band gaps in the limit of 1.9-2.8 eV. For a GaN-(Al,Ga)N QW such limit is not achievable, except with a relatively large amount of internal field and a strong Stark shift [33] , because the GaN energy bandgap is too high for red emission. Hence, to achieve the required limit, we used In Ga N as the well composition. In the case of In Ga N we used linear interpolation for the band parameters, except for the energy gap, which is [24] ( 24) where , and .
To recognize the suitable barrier composition, we must first consider the Stark shift and whether the QW depth, , is comparable to , where is the difference of the well and barrier energy band gaps. In the case that the QW depth nears or exceeds , overlap between the electrons and hole wave functions is decreased and the optical intensity drops intensively. From this point of view, GaN seems to give the appropriate . However, the biaxial strain in In Ga N QWs is large enough to produce a great QW depth, even for an Indium content below 0.3 (e.g.,
. On the other hand, the critical thickness of the well, , is dependent of the biaxial strain. Ref. [34] theoretically shows that in the In Ga N single layer with hexagonal symmetry, decreases with enlarging Indium content and hence the biaxial strain. For example, for is less than 2 nm and falls further for higher content. Therefore, employing a thick GaN layer as the barrier will, in addition to increasing the QW depth, lower the critical thickness to unacceptable levels, especially for red emitters where a higher index of Indium is commonly required. Regarding [34] , is determined to be 4 nm for In Ga N . If we assume that the critical thickness has nearly the same profile versus for a (Al,In)GaN barrier instead of a GaN, then, we can set for example nm as the approximate marginal choice and specify W/B so that they satisfy these limits.
In brief, we selected a quaternary barrier composition of Al In Ga N ( , ) for the following reasons: 1) its bandgap is near that of GaN yielding a relatively large ; and 2) a In Ga N well it causes an , resulting a lower QW depth and higher critical well thickness. In addition, Al In Ga N is lattice-matched to In Ga N, and by decreasing the Indium content, one can control the piezoelectric field to cancel out or surpass the spontaneous polarization field. Note that from this step, the ternary QW compositions must be selected such that the in-plane strain does not exceed 2%.
The photoluminescence spectrum of the MQW of Fig. 1 must at least contain three spectral peaks within the range of visible wavelengths. We have appropriately adjusted the well/barrier compositions, that the field due to the piezoelectric polarization cancels out that of the spontaneous polarization and the internal field inside the green emitter becomes trivial, giving a nearly flat potential. Then, with stronger and weaker Stark effects, the red and blue spectral peaks are achievable. For this purpose, a 3 nm In Ga N well was chosen embedded inside a 16 nm Al In Ga N barrier. In the case of Al In Ga N N) . A self-consistent approach was employed to set more accurate energy levels and give the actual band positions [38] .
we utilized a cubic approximation for interpolation, then the energy gap and lattice parameters were evaluated with regard to [35] . To determine the elastic parameters, we followed the values reported by Wright, et al. for GaN, InN, and AlN [36] . Important band parameters are listed in the Appendix.
The biaxial strain and total internal field are estimated to be 1% and 0.35 MV/cm respectively, giving an energy bandgap equal to 2.58 eV, eV and eV; see Fig. 2 (center) . The Stokes' redshift is approximately 0.25 eV for In Ga N and [29] , giving an effective bandgap of 2.33 eV when the excitonic localization within the InGaN layer is taken into account. The QW depth is 0.092 eV, which much smaller in comparison with eV, and hence no significant separation occurs in the electron/hole distributions.
For the red emission, the well composition was chosen to be In Ga N. A higher Indium fraction in the In Ga N well composition has been previously reported by Chen, et al. [37] .
The biaxial strain and total internal field was estimated to be 0.2% and 0.9 MV/cm, and the internal field due to spontaneous polarization became dominant. The well thickness is set to 2 nm to rise (fall) into the first heavy hole band (first conduction band). The QW depth, equal to 0.18 eV, is greater than that of the green emitter but still much smaller than eV. This comparison indicates that although the higher Stark effect in red QWs yields a bandgap narrowing, the overlaps of the electron/hole distributions are not significantly separated and an efficient red emitter is still expected. and were found to be 0.13 eV and 2.39 eV, respectively, yielding a 2.26 eV energy band gap, which is appropriate for red emission when a 0.32 eV Stokes redshift by localized excitons is considered. The effective bandgap is 1.94 eV and nm. In Fig. 2 (left) , the valence band structure corresponding to the red single QW is depicted. The separation between the valence sub-bands is mainly determined by the well thickness and internal field. However when the well thickness is still relatively small (2 nm) and the Stark effect is weak, the band separation follows the impact of the well thickness: reducing from 3 nm in the green QW, to 2 nm in the red QW, results in sub-band-stretching and pushing , , and especially into lower energies from top of the valence band. It is known that the envelope functions due to the CH sub-bands chiefly participate in the TM optical intensity. Regarding the the spontaneous regime, the quasi-Fermi level is normally fixed near the top energy eigenvalues, e.g., , in order to avoid a degenerate condition. As the sub-bands close to the quasi-Fermi level principally determine the optical intensity, having distant and bands causes suppression of the TM intensity. To prove how the barrier composition leads to a more efficient red emitter, we have shown electron and hole envelope functions corresponding to the first conduction and valence bands at in Fig. 3 . While well composition is considered to be In Ga N, both Al In Ga N and GaN barriers are examined. Regarding nearly equal of both barriers, internal field determines the deviation of wavefunctions from symmetric position.
In the case of GaN as the barrier, a stronger internal field inside QW shifts wavefunctions more beyond the well borders. Although only the behavior of envelope functions in special sub-bands (first conduction and heavy hole bands) is given here at , it can be generalized to the whole band structure. Therefore, probability distribution of electrons and holes get farther in opposite directions and optical intensity drops. In contrast, by choosing Al In Ga N, envelope functions become less deviated from well center, giving greater correlation terms and enhancing within the integrals of (16); if any transition occurs. This is due to the smaller QW depth (0.18 eV), while is nearly identical to that of GaN barrier. Finally, in order to design a blue emitting QW, In Ga N was chosen as the 1 nm well composition. In fact, reaching lower wavelengths demands less Indium content, which itself increases the biaxial strain and total internal field with respect to the green QW. The biaxial strain and rose to 1.17% and 0.84 MV/cm, respectively. To compensate for the probable bandgap narrowing, we lessened the well thickness to nm. Notice that the QW depth 0.084 eV is still trivial compared with eV. In comparison, the band structures given in Fig. 2 (right) and (left) show that enlarging the Indium index and reducing the well thickness in an approximately equal internal field modulus has raised the energy eigenvalue higher than and . Actually, during the simulations we observed that the energy eigenvalue was lower than 0.3 eV. This sub-band replacement and separation has two major effects: 1) in the blue emission nears the top of valence band and a higher TM-polarized photoluminescence intensity is expected relative to the red emission. 2) and , which contribute to the TE optical intensity, are far enough away in energy that the related transitions have no major effect on the TE photoluminescence. Hence, no significant broadening will occur in the blue TE-polarized spectral peak. We obtained eV and eV, then imposed a 0.23 eV Stokes shift to reach the required effective energy bandgap of eV. Consider that for all three emitters is sufficiently far from the determined margin of and we can rely on relaxation being improbable.
To show the impact of an internal field on the wave function profile, we illustrated the normalized envelope function corresponding to the first heavy hole energy band at in Fig. 4 . Here, we assumed that the center is located at nm. Deviation from the symmetric situation is evident. Note that for the green emitter, the well thickness is 1 nm greater than that of the red emitter. This may misleadingly infer that in the green emission is skewed much more than in the case of the red emission. An analogous deviation exists for the electron envelope functions, but in the negative direction. Another conclusion, which we observed during the simulations, was connected to the sensitivity of the material gain spectrum to the carrier density. The importance rises from the requirement for setting the quasi-Fermi levels. One can exploit recursive schemes to find actual levels for both the electron and hole Fermi energies. These schemes seemed to be unavoidable, as the intensity spectrum was sensitive to even slight Fermi level deviations. Fig. 5 shows the material gain spectrum for the TE polarization in our red single QW. The optical intensity due to TE-polarized light is strongly dominant in the red QW and hence its variations reflect the total photoluminescence behavior in this emitter. It is apparent that for a minor change in the carrier concentration, from cm to cm , the amplitude falls several orders of magnitude. This implies that an accurate value is necessary for the quasi-Fermi levels initialization if we cross . On the other hand, to operate in spontaneous regime, injected carrier concentration must be less than cm ; for higher densities, the material gain approaches the saturation condition. This ensures that the material gain in the spontaneous regime is weaker than , where the sensitivity becomes less critical.
The photoluminescence intensity versus wavelength is illustrated in Fig. 6 for both TE and TM polarizations. For red and green emission, ten valence bands were taken into account. In the blue case, due to considerable band splitting, just five valence bands were regarded. The carrier density was tuned in the same range for three QWs at room temperature. We observed that for carrier densities smaller than cm , the TE polarization spectral peak nearly surpassed that of TM for all three QWs. This normally arises from the fact the HH and LH envelope functions chiefly contribute in the TE dipole moment matrix elements.
To calculate the total spectrum, we replaced each single spectrum with the corresponding Stokes' shift along the wavelength axis and summed them over the visible range. The optical intensity spectrum exhibits three and two main peaks for TE and TM polarizations, respectively, correctly on the desired wavelengths. In all three QWs the valence quasi-Fermi level is tuned close to the sub-band, and therefore the TE spectral peaks mainly correspond to transitions from first conduction sub-band to and . Other HH and LH sub-bands participate in broadening each QW spectrum. In fact, the broadening originates in more dense sub-bands in space that is not possible for the thin blue QW. Analogously, the TM spectral peaks are affected by dipole moment matrix elements due to transitions into the CH sub-band. In the red emitter, CH1 is approximately 0.15 eV from top of valence band, yielding an intense suppression for the TM optical intensity.
The significant point is that the peak amplitudes have been adjusted to exhibit nearly equal values for similar carrier injections. The chromaticity coordinates have been calculated based on the standard observer CIE 1931 color matching functions [43] . This resulted in the coordinates of , very close to the (0.33,0.33) coordinates of ideal white light with a flat spectrum, as illustrated in the inset of Fig. 6 . In contrast with existing white LEDs, which emit "cold" light with strong blue emission, our proposed device is expected to emit "warm" white light, slightly resembling the yellowish appearance of sunlight.
VIII. SUMMARY
In this paper, we employed the transfer matrix method to analyze the valence band structure and relevant envelope functions in a GaN-based heterostructure. The basis set was chosen in such a manner that the corresponding envelope functions could simplify the optical intensity expression. The dipole moment matrix elements were derived based on envelope functions both in the TE and TM polarizations. Then, we considered the internal field and Stark effect on the correlation terms in the intensity expression. The effect focused on the deviation of the envelope functions and carrier distributions from the symmetric condition. Two major parameters were examined to adjust the best intensity and proper bandgap with the aid of an Ref. [21] Ref. [24] Ref. [39] Ref. [13] Ref. [40] Ref. [41] Ref. [42] internal field: biaxial strain and well thickness. While strain altered the piezoelectric field, well thickness enhanced or reduced the sloped potential influence. Combining these effects gave a bandgap widening or narrowing shift in energy eigenvalues. On the other hand, the Stark effect separates the electron/hole distributions, especially when the QW depth is comparable to . With the quaternary composition of barrier, Al In Ga N, we succeeded to enlarge with respect to and avoid an intense separation between the electron/hole wave functions. It is noteworthy to mention that the excitonic localization effect aids us achieving a redshift to higher wavelengths without increasing the Indium content higher than inside the red emitter. Finally an optimized spectrum was obtained, which from its chromaticity coordinates we can expect a warm white light emission from the proposed LED.
APPENDIX
The band parameters are listed, which are used in the band structure calculation of wurtzite GaN-family QWs, are listed in Table I. 
